Few studies have examined the relationship between local anatomic thickness of the cortex and the activation signals arising from it. Using structural and functional MRI, we examined whether a relationship exists between cortical thickness and brain activation. Twenty-eight participants were asked to perform the Go/NoGo response inhibition task known to activate the anterior cingulate and the prefrontal cortex. Structural data of the same regions were simultaneously collected. We hypothesized that cortical thickness in these brain regions would positively correlate with brain activation. Data from the structural MRI were aligned with those of functional MRI activation. There was a positive linear correlation between cortical thickness and activation during response inhibition in the right anterior cingulate cortex (Brodmann's Area 24). No significant thickness-activation correlations were found in the prefrontal cortex. Correlations between cortical thickness and activation may occur only in certain brain regions.
Introduction
Few studies have examined whether there is a relationship between regional cortical thickness and brain function. The dearth of studies using multiple imaging techniques can be partly attributed to the complexity of aligning, or registering, datasets of structure (thickness) and function (activation) within and across participants. In fact, to our knowledge, only two studies have directly correlated functional MRI (fMRI) signals [blood oxygen level dependent (BOLD) signal response] to the underlying anatomy (cortical thickness) obtained from structural MRI [1, 2] .
A technique known as cortical pattern matching (CPM) allows for anatomy across participants to be aligned in the same coordinate space as fMRI data, facilitating easier alignment of the activation patterns [3] . In this study, we collected structural MRI data and fMRI data and used CPM to align brain images obtained from each technique. For fMRI, we used the Go/NoGo response inhibition task, which is known to reliably and robustly elicit activation in the anterior cingulate cortex [4, 5] and the prefrontal cortex [4] [5] [6] . We examined associations at the voxel level (i.e. a volume of measurement equal to 0.33 mm 3 ) between cortical gray matter thickness and the BOLD signal arising from the same region or voxel. We hypothesized that cortical gray matter thickness would be strongly correlated with the BOLD signal response in the anterior cingulate cortex and the prefrontal cortex.
Methods

Participants
The study was approved by the University of California, Los Angeles Institutional Review Board, and all participants provided written informed consent. Participants were recruited through an advertisement and were excluded if they fulfilled the Structured Clinical Interview for DSM-IV [7] criteria for any current or past psychiatric diagnosis, or had a history of substance abuse, were left-handed, had untreated hypertension, neurological illness, metal implants, or a history of skull fracture or head trauma with a loss of consciousness exceeding 5 min. Twenty-eight adult participants (15 men/13 women), average age of 35.61 ± 12.32 years, fulfilled the study criteria.
Image acquisition
High-resolution structural data for use in cortical thickness analyses were acquired for all participants on a 1.5 T Siemens Sonata MRI scanner (München, Germany). We obtained contiguous sagittal high-resolution threedimensional magnetization-prepared rapid gradient echo T1-weighted images [repetition time (TR) = 1900 ms; echo time (TE) = 4.38 ms; flip-angle: 151; field of view (FOV) = 256 mm; slice thickness = 1 mm; 160 slices]. fMRI data were collected for all participants on a 3 T Siemens Allegra MRI scanner. Functional series used to evaluate the BOLD signal used a T2*-weighted echo planar imaging gradient-echo pulse sequence (TR = 2500 ms; TE = 35 ms; flip-angle = 901; FOV = 24 cm; slice thickness = 3 mm; 28 slices). Echo planar imaging structural images were obtained coplanar to the functional scans (TR = 5000 ms; TE = 33 ms; 3 mm thick; matrix 128 2 ; FOV = 24 cm; 28 slices) for use in registration.
Activation task paradigm
The Go/NoGo task began and ended with 30-s rest blocks, with eight alternating 30.5-s blocks of 'Go' and 'NoGo' conditions. During the 'Go' (control) condition, participants viewed a series of random letters and were instructed to press a button on a response box for each letter. In the 'NoGo' (experimental) condition, participants were also shown a series of random letters, but were instructed to withhold responses to the letter 'X.' In the 'NoGo' condition, participants saw the letter 'X' in 25% of trials and the order of the appearance of the letter 'X' in the experimental block was random. Stimulus presentation lasted 0.5 s, with an interstimulus interval of 1.5 s.
Cortical thickness analysis
Image preprocessing consisted of (a) adjustment for head position and transformation of data into a common stereotaxic coordinate system without scaling using a six-parameter transformation (http://www.bic.mni.mcgill.ca/ ServicesSoftware/); (b) automated exclusion of nonbrain tissue and cerebellum [8] ; (c) correction for magnetic field inhomogeneity artifacts [9] ; (d) resampling using isotropic voxels 0.33 mm in size to estimate cortical thickness with voxel accuracy, and (e) partial volume classification to classify voxels as gray matter, white matter, cerebrospinal fluid (CSF), or a nonbrain class [10] . After preprocessing, cortical thickness was computed separately for each participant from preprocessed MR images. Thickness was defined as the shortest 3D distance from the cortical white-gray matter boundary to the hemispheric surface without crossing voxels classified as CSF. Specifically, the Eikonal equation was applied to voxels segmenting as cortical gray matter to compute these distances (in mm) in a fully automated manner at each point along the cortical surface [3] . A uniform spatial filter with a radius of 15 mm was applied. These methods produce thickness measurements that agree with those in postmortem samples [11] and are stable over time in validation studies using shortinterval repeat scans of multiple participants [12] .
Functional magnetic resonance imaging data analysis
Processing of functional neuroimaging data was performed using FEAT (FMRI Expert Analysis Tool) version 5.91, part of FSL 4.0 (University of Oxford, UK, http://www.fmrib.ox. ac.uk/fsl). The following preprocessing methods were applied: motion correction using MCFLIRT [13] ; removal of nonbrain matter using the Brain Extraction Tool [14] ; spatial smoothing using a Gaussian kernel of FWHM 5 mm; grand-mean intensity normalization of the entire functional data set by a single multiplicative factor; and high-pass temporal filtering (Gaussian-weighted least-squares straight line fitting, with s = 65.0 s) [15] . Participants showing head motion greater than 1.5 mm were excluded from further analysis. A first-level analysis was performed for each participant for the 'NoGo' minus 'Go' contrast to evaluate regions that showed increased activation during response inhibition (cluster threshold of Z > 2.3, P = 0.05, corrected for multiple comparisons) and to generate unthresholded t-maps for use in subsequent steps.
Relating structural and functional magnetic resonance imaging data
For the precise mapping of structure-function correlations within each participant, structural MR images were coregistered with functional MR images in the following manner. First, the low-resolution 3 T functional scan was registered to the participant's high-resolution 1.5 T structural scan using a rigid-body transformation. This transformation was applied to the unthresholded t-map for each participant representing the 'NoGo' minus 'Go' contrast, to register the functional activation map to the high-resolution structural data. The unthresholded t-map for each individual was then smoothed using a spatial spherical smoothing kernel with a 15 mm radius.
To allow for the registration of individual cortical thickness and functional activation maps to the study-specific anatomical template, CPM methods were applied [3] . Each participant's T1-weighted image was processed to create a 3D surface model of the cortex using automated software that deforms a spherical mesh surface to fit cortical surface tissue using a threshold intensity value that differentiates extracortical CSF from brain tissue [16] . Thirty-one separate sulci, per hemisphere, were manually delineated on each participant's surface model. Sulcal tracing was performed by a trained researcher blinded to participant characteristics, using the MNI-Display software (McGill University, Montreal, Quebec, Canada, http://www.bic.mni.mc gill.ca/ServicesSoftware), in conjunction with a previously validated surface-based anatomical protocol [12] . Tracer reliability was confirmed using the three-dimensional root mean square difference (in mm) between sulci in a set of six test brains and those of a gold standard set. A disparity of less than 2 mm between the test and the gold standard brains was used as the reliability threshold for all landmarks.
To align sulcal/gyral anatomy, warping algorithms were used to compute the amount of shift in the x, y, and z directions needed to explicitly match each sulcus in every participant to that of the average anatomical study template [3] . CPM algorithms were then used to associate the same parameter space coordinates across participants, without actually varying the dimensions of the cortical surface models so that the corresponding anatomy across participants had the same coordinate locations. Correlations between activation occurring during the 'NoGo' minus 'Go' contrast and cortical gray matter thickness were examined by calculating Pearson's r correlation coefficients at each cortical surface point. Correlation results were thresholded at P less than 0.05, using Fisher's z-transform. False discovery rate correction was used to control for multiple comparisons [17] within the prefrontal cortex [Brodmann's Area (BA) 44-47, and 8-11] and the anterior cingulate cortex (BA 24, 32 and 33). These regions of interest were defined using the deformable Brodmann Area Atlas [18] . After revealing a significant correlation within the anterior cingulate cortex, we repeated the false discovery rate correction on individual BAs to determine specific subregions of the anterior cingulate cortex that were driving the significant effect.
Results
Behavioral responses
All participants showed high accuracy across both the Go and the NoGo conditions. The mean accuracy was 99.7% (± 0.39) during Go trials and 99.9% (± 0.003) during NoGo trials.
Cortical thickness and functional magnetic resonance imaging activation maps
Maps of average cortical thickness across all participants revealed greater cortical thickness in the cingulate cortex relative to the prefrontal cortex (Fig. 1a ). Relative to the overall cortex, there was greater cortical thickness in temporal regions and cortical thinning in the medial occipital regions. Analysis of the fMRI BOLD signal during the response inhibition contrast of 'NoGo' minus 'Go' revealed activation in the inferior frontal gyrus, the anterior cingulate cortex, and the striatum in both hemispheres. These results are also consistent with previous fMRI studies such as that of Horn et al. [19] .
Correlations between cortical thickness and function
Significant positive correlations were found between cortical thickness (at the voxel level) and fMRI BOLD signal within participants in the right anterior cingulate cortex (P = 0.008; Fig. 1c ). Exploratory analyses using smaller BA regions of interest revealed that this effect was driven by the correlation in BA 24 (P = 0.006). Participants showed no significant structure-function correlations in the left anterior cingulate cortex and no correlations within prefrontal cortex regions (all P's > 0.10).
Discussion
This is the first study, to our knowledge, to show a significant positive, linear association between cortical gray matter thickness with the fMRI BOLD signal response in the right anterior cingulate cortex during a task known to activate this brain region (response inhibition task). By aligning structural and functional datasets using CPM registration methods [3] , we were able to demonstrate correlations at each 3D point on the cortical surface. No structure-function correlations were detected in other subregions of the frontal lobe, including the lateral prefrontal cortex and the left anterior cingulate cortex.
The anterior cingulate cortex is involved in performance monitoring and response conflict [20] . During response inhibition, the anterior cingulate cortex functions as a relay station between the ipsilateral inferior frontal cortex and subthalamic nuclei, activating the globus pallidus, which in turn suppresses the thalamus and primary motor response [4] . Our findings of activation in this region are consistent with the existing literature on activation patterns in the inferior frontal and anterior cingulate cortices during tasks that require inhibiting responses [4, 21] . We expand on these prior fMRI studies by linking the BOLD signal response with the thickness of the cortical gray matter in this region. The lack of significant structure-function correlations in the prefrontal cortex is consistent with one previous study [22] , although a second study of healthy adults revealed a negative correlation between thickness and activation in this region [2] . Few prior studies have used CPM to relate cortical thickness to measures from other imaging modalities. Foland et al. [23] found that amygdala activity in response to an emotional task was inversely correlated with left prefrontal cortex cortical thickness in healthy adults, suggesting that the inhibitory role of the prefrontal cortex in amygdala activation might be mediated by prefrontal cortex gray matter thickness.
A second study used CPM to relate gray matter thickness to the cortical distribution of a PET ligand associated with the presence of plaques and tangles in normal aging and Alzheimer's disease [22] . No significant correlations were detected. If there is indeed a direct relationship between the structure and the function of a given brain area, then examining that relationship at each cortical surface point (as in this study), as opposed to examinations of average activation and structural measurements across a region, may offer a more spatially detailed and accurate way of measuring the relationship between cortical structure and function.
This study has two limitations. First, although our findings reveal a strong positive association of right anterior cingulate function with the thickness of the right anterior cingulate structure, we cannot be certain of a causal relationship between structure and function: the correlations revealed may be due to an unknown effect of another brain factor. For example, both the BOLD signal and the gray matter may be influenced by the microvasculature of the cortex. Second, in some brain regions, the relationship between cortical thickness and function might be nonlinear, such that at a certain point, increases in cortical thickness may not result in a corresponding proportional increase in functional activation [2] .
Conclusion
Although existing studies have used the combination of several imaging approaches in an attempt to understand how brain structure relates to function, this is the first study, to our knowledge, that has successfully identified a linear, positive relationship in locations across the cortical surface, between gray matter thickness and activation in the right anterior cingulate cortex of healthy participants. Application of this technique to other focal regions of interest in larger samples will help unravel the complex relationship of brain function and structure. Existing cortical thickness measurement tools do not allow for the identification of whether cortical thickness measurements reflect differences in the number or the density of neurons, glia, or variations in intracortical myelination levels. Future studies that use high-resolution images of the cortex, attainable perhaps with the use of local coils and higher field strengths (7 or 8 T), could address these issues.
